ABSTRACT An ultraviolet (UV) photodetector based on hydrothermally processed ZnO nanorods (ZnO NRs) decorated by gold nanoparticles (Au NPs) was demonstrated to exhibit extraordinary optoelectronic properties. Due the implementation of Au NPs, the UV responsivity and specific detectivity reached 70 A/W and 3.41 × 10 12 cm Hz 1/2 W −1 , respectively, which were enhanced by approximately four times at an excitation wavelength of 365 nm compared with those of pristine ZnO NRs. Moreover, such photodetector shows good flexibility as well due to the mica substrate, which maintains almost constant performances under different bending radii of curvature and repeatable bending test more than 200 cycles. The photodetector also exhibits good transparency, giving it the potential of integration with other light photodetectors. In addition, a schematic band-diagram and the accompanying finite-difference time-domain analysis were performed to reveal the electron transfer and electric field distribution of ZnO NRs decorated with Au NPs. Our results revealed that the noble metal modified plasmon-enhanced ZnO NRs photodetector with high responsivity, low cost has a great potential for application in manufacturing flexible and transparent integrated optoelectronics.
I. INTRODUCTION
Over the past few decades, UV photodetectors have gained more and more attention from academia due to their wide potential applications in many fields, including flame detection, missile plume detection, radiation detection and space communication [1] - [4] . In general, specific qualities of the photodetector, such as responsivity, specific detectivity, reliability and cost are needed to be taken in to account. In most cases, ZnO materials have a large bandgap of about 3.37 eV and it also has good thermal and mechanical stabilities at room temperature. Therefore, wurtzite ZnO is considered to be one of the most ideal materials for UV photodetection. However, the quality of ZnO NRs prepared by hydrothermal method is often not good and usually there are so many defects and impurities distributed on their surface [5] , [6] . These defects and impurities can induce defect-related emission and these negative effects will eventually lead to a reduced responsivity of the photodetector. Therefore, suppressing the defect-related emission while increasing the UV emission is an extremely important issue for the application of ZnO NRs in UV photodetection. This problem can be solved to some extent by using dielectric materials such as Al 2 O 3 [7] , [8] , MgO [5] and so forth to passivate ZnO NRs. However, this passivation process is very complicated and the introduction of dielectric materials will have a negative impact for the post-processing of devices.
In recent years, plasmonic effect of noble metal particles has received extensive attention and it was shown to be an effective method to achieve defect passivation for enhancing optoelectronic device performance. Covering the surface of the semiconductor film or nanostructure with noble metal particles is a simple and effective way to observe plasmonic effect and this method can enhance the electrical and optical properties of semiconductor [9] - [11] . Plasmonic nanoparticles can enhance the electric field of the incident light by several orders of magnitude through plasmonic resonance at their resonant wavelengths. For example, for noble metal nanoparticles such as Al, Ag and Pt, their resonance wavelengths are close to the UV band of ZnO. But for Au NPs, the local surface plasmon resonance (LSPR) is far from UV band but is consistent with the defect emission peak of ZnO in the visible region [12] - [16] . Qin et al. [17] reported an enhanced ZnO UV lasing induced by extra green light with Au surface plasmons, which not only confirms the surface plasmon resonance-assisted electron transfer process but also offers an approach to improve the intrinsic UV emission even for heavily defected ZnO through visible light excitation. From the above, one of the unique features of plasmonic noble metal nanoparticles is their capability to enhance the electric field intensity of incident light, thereby opening up a new path for the application of ZnO in many fields such as optical antennas, photocatalysis, spectroscopy and photodetection [10] , [11] .
In this work, a Au NPs-decorated surface plasmon enhanced ZnO NRs UV photodetector based on flexible transparent mica substrate was designed and fabricated. The UV photoelectric properties and flexible characteristics of the device were systematically analyzed. In addition, FDTD analysis were performed to reveal the electron transfer and electric field distribution of ZnO NRs decorated with Au NPs. When the device was irradiated by light, the oscillating electric field of the incident light would induce LSPR of the Au NPs, which would in turn enhance the UV emission efficiency of semiconductor materials and eventually improve the responsivity of the photodetector.
II. EXPERIMENTAL DETAILS

A. DEVICE FABRICATION AND PHOTORESPONSE MEASUREMENTS
All chemicals used in this work were of analytical grade and were not further purified. ZnO NRs were grown on the mica substrate by a hydrothermal method. Here, the mica substrate was covered with a thin layer of ZnO which was used as a buffer layer. The whole process of the device fabrication was roughly divided into several parts. Firstly, the mica substrate was cleaned sequentially with acetone, isopropanol, alcohol and dried in a nitrogen atmosphere. Secondly, a ZnO seed layer was deposited on the mica substrate by magnetron sputtering using a high purity ZnO target. Subsequently, the ZnO seed layer was annealed under nitrogen atmosphere at 300 • C. The 50 nm thick Au film was deposited on the ZnO seed layer using standard metal lift-off procedure with an interdigital shadow mask to form electron contacts. The interdigital shadow mask was designed using 40 µm width and 250 µm length with a neighboring finger spacing of 40 µm. Standard 1:1 contact photolithography processing was used for this step and the effective area of the photodetector is 0.00222 cm 2 . Then equimolar Hexamethylenetetramine (HMTA) (C 6 H 12 N 4 ) and zinc nitrate hexahydrate (Zn (NO 3 ) 2 ·(6H 2 O) were used as solute and they were separately dissolved in deionized water under a magnetic stirrer and finally mixed. Then, the substrate was placed in a beaker containing the mixed solution. The baker was sealed and heated in an oven at 90 • C for 150 minutes. After the heating process, the sample was cleaned with deionized water and dried naturally. Finally, Au NPs solution with 10 nm diameter was sprayed onto the substrate and was dried in air at room temperature. The spraying process is demonstrated in Fig. S1 in the supplementary material. The UV photoresponses of photodetectors were measured using 365 nm wavelength of the illumination source at different illumination intensities. The photoresponses were recorded using a semiconductor device analyzer (Agilent B1500A) during the UV illumination.
B. CHARACTERIZATION
The surface morphology of the samples was characterized by scanning electron microscopy (SEM, Carl Zeiss Microscopy, Merlin). The crystal structure of the samples was examined by X-ray diffraction (XRD, Bruker D8). Furthermore, the optical analysis was performed by UV-Vis spectroscopy (Shimadzu UV-2450) and photoluminescence techniques (PL, Horiba HR800).
C. SIMULATION DETAILS
The electric field distribution of Au NPs located on ZnO NRs was simulated with FDTD method. During the simulation, the shapes of ZnO NRs were set as hexagonal prisms with a height of 800 nm and an edge length of 70 nm in width. The refractive index of ZnO NRs was set as 1.6. Two simulations were conducted regarding different positions of Au NPs on the ZnO NRs. In the first one, two Au NPs were placed on one of the sidewalls and in the second one, two Au NPs were on the top surface. A plane wave with a wavelength ranging from 450 to 650 nm were set as the light source. The boundary condition of perfectly matched layer (PML) was used along the z direction, and periodic boundary condition was used along the x and y direction. Fig. 1(c) . According to the SEM image, the edge length of vertical oriented ZnO NRs ranges from 50 to 80 nm and height is roughly 800 nm (shown in Fig. S2 in the supplementary material). It also can be seen that Au NPs are distributed on the top of the hexagonal shape ZnO NRs. The inset in Fig. 1(c) shows an enlarged view of the distribution of Au NP with a diameter of 10 nm. Low magnification SEM photos of pristine ZnO NRs are shown in Fig. S2 in the supplementary material. In this study, X-ray diffraction (XRD) analysis was performed to determine the crystal orientation of ZnO NRs. Since mica substrate shows several strong diffraction peaks which will submerge diffraction peaks of the ZnO NRs, silicon was used as the growth substrate of the ZnO NRs in the experiment instead of mica. The XRD peaks of the ZnO NRs grown on the mica substrate is shown in Fig. S3 in the supplementary material. Fig. 2(a) depicts the XRD patterns of pristine ZnO NRs and Au NPs decorated ZnO NRs. The XRD patterns of all the samples showed two peaks. One of the peaks comes from the silicon substrate and the other peak is at 34.5 • , corresponding to the hexagonal wurtzite (002). These results reveals that no other related phases have been formed. Fig. 2(b) shows the photoluminescence (PL) spectra of pristine and Au NPs decorated ZnO NRs excited by a He-Cd laser with 325 nm wavelength. It can be clearly seen that both two different types of ZnO NRs show two emission peaks regardless of whether they are modified by Au NPs or not. One of the peaks is located at approximately 385 nm, which is due to the inter-band recombination of ZnO NRs. The other peak is in the visible region ranging from 450 to 700 nm, which is mainly caused by deep-level defects. These deep-level defects in ZnO NRs mainly come from oxygen vacancies and zinc interstitials [18] , [19] . It is worth noting that the ZnO NRs with Au NPs emit a lower broadband signal in the visible range, indicating that the Au NPs suppress the broadband emission. At the same time, the emission peak related to inter-band recombination of ZnO NRs with Au NPs is greatly improved compared to that of the pristine ZnO NRs and these results are consistent with the previous works [20] - [24] . Therefore, it can be seen from the PL spectrum results that the Au NPs distributed on the surface of the ZnO NRs can passivate the surface defects of the material and ultimately improve the optical properties of the ZnO NRs. These two differences are mainly due to the LSPR effect of Au NPs which will be discussed later. UV-visible spectra of ZnO NRs and Au NPs solution are shown in Fig. 2(c) and (d) , respectively. The spectrum of Au NPs decorated ZnO NRs clearly shows two peaks: one at the 380 nm UV band and the other in the visible region (530 nm). The peak in the UV region is mainly from the bandedge absorption of ZnO NRs and that in the visible region is due to the surface plasmon absorption of Au NPs, which is the characteristic peak of Au NPs of average size ∼10 nm [25] - [27] . Therefore, the small hump that appears in the absorption spectrum of ZnO NRs with Au NPs decorated in the inset of Fig. 2(c) at ∼530 nm can be assigned to the Au NPs. NPs decorated ZnO NRs under dark condition and different light power intensities, are shown in Fig. 3 (a) and 3(b), respectively. Under dark condition, oxygen molecules will be adsorbed on the surface of ZnO NRs and capture free electrons. Such a reaction process on the surface can be described as follows [28] :
In addition to this, since the work functions of the two materials are different, electrons will flow from the ZnO NRs side to the Au NPs side. When the Fermi energy level of the materials on both sides becomes the same, a Schottky barrier is formed at the interface between the ZnO NRs and the Au NPs. When the photon energy of the UV illumination was larger than the band gap of ZnO, the electrons will transit from the valence band to the conduction band, generating electron-hole pairs. The photogenerated holes migrate to the ZnO NRs surface and desorb the oxygen ions by surface electron-hole recombination. Therefore, the remaining photogenerated electrons increase the conductivity of ZnO NRs. The surface desorption reactions during the photocurrent growth can be described as follow [29] : In the experiment, 365 nm ultraviolet light was used to calibrate the UV performance of the photodetector. In order to assess the performance of the device, two important parameters such as responsivity (R λ ) and specific detectivity (D λ *) at −1V external bias voltage at 365 nm wavelength was calculated by the following formula:
where I p and I d are the photocurrent and dark current, P d is the optical power density, S is the effective area of the device, q is the electronic charge. With the introduction of Au NPs decorated, the UV responsivity and specific detectivity reached 70 A/W and 3.41 × 10 12 cm Hz 1/2 W −1 , respectively, which were enhanced by approximately 4 times at an excitation wavelength of 365 nm compared with those of pristine ZnO NRs. It can be seen from Fig. 3(c) and (d) that although the UV responsivity of the device decreases as light power density increases, the responsivity enhancement factor, defined as the ratio R 2 /R 1 is almost unchanged. R 2 and R 1 represents the responsivity of device of Au NPs decorated ZnO NRs and pristine ZnO NRs, respectively. Besides enhanced optoelectric performance due to the decoration of Au NPs, the UV photodetector fabricated in this work also shows some other preferable properties. ZnO NRs has great application potential in flexible photodetectors [30] - [33] and benefiting from the good flexibility of mica substrate [34] , flexible photodetectors based on ZnO NRs were fabricated on mica substrate by traditional device fabrication process. The in situ bending test of the device are shown in Fig. 4(a) and (b) . The device was fixed on a metal holder and bent to a fixed bending radius of curvature to test its performance. The setup of fatigue test is demonstrated in Fig. 4(c) and (d) and this setup allows the devices to bend and stretch periodically to different degrees. Combined with the excellent flexible and bendable performance of mica substrate, the photoresponse of the device with Au NPs decorated under different bending radii of curvature (R = 8, 7, and 6 mm) with 365 nm wavelength were well maintained compared with that of device under flat condition as shown in Fig. 4(e) , indicating that bending stress can hardly influence the photoelectric performance of the device. The I-V characteristics of photodetector for Au NPs decorated ZnO NRs with different bending radii of curvature (R = 8, 7 and 6 mm) are revealed in Fig. S5 in the supplementary material. We could also clearly observe that after bending 200 cycles (with average bending radius of curvature 8 mm), the photocurrent of the device has almost unchanged revealing that the flexible ZnO NRs based photodetector has good fatigue resistance to bending. It also can be clearly seen from Fig. 4(f) that although the UV responsivity of the device decreases as light power density increases, the responsivity enhancement factor, defined as the ratio R 3 /R 1 is almost unchanged. R 3 and R 1 represents the responsivity of device of Au NPs decorated ZnO NRs (under flat or different bending radii of curvature) and pristine ZnO NRs, respectively. Furthermore, the current response of the device was also tested and the results are shown in Fig. 4(g) and (h). The periodic current-time (I-T) photoresponse test results reveal the high repeatability at −1V bias voltage with a low illumination intensity of 3.25 mW cm −2 at 365 nm wavelength. These results clearly demonstrate the excellent VOLUME 7, 2019 199 photoelectric stability of this device under extreme bending conditions. The flexibility, combined with the mechanical stability of the device, enables it to be attached to surfaces of various shapes. This allows the device to be used in narrow holes, sharp corners, or other places which is hard to access by traditional rigid photodetectors. Also, the device has a potential to be applied in wearable electronic devices. Another property of the device is its transparency. The mica substrate, as suggested by Fig. 1(b) , has very low optical absorption and reflection in the wavelength range of visible light and we can clearly see the patterns under the device which confirms the excellent transparency. All these characteristics indicate that such phtotodetector has a great potential for application in manufacturing flexible and transparent integrated optoelectronics.
In order to better understand the surface plasmon coupling between Au NPs and ZnO NRs, an energy band structure diagram is illustrated in Fig. 5(a) to explain the enhancement of UV response. For pristine ZnO NRs, there are a large amount of defects on its surface which can lead to some defect-related emission in the visible band. When the Au NPs solution was sprayed onto the surface of the ZnO NRs, the broadband emissions are suppressed and electrons in the defect level of ZnO NRs can easily flow into the Au NPs since the Fermi level of Au is very close to the defect level of ZnO [35] , [36] . From the previous study [12] - [16] , the resonance position of Au NPs localized surface plasmons (SPs) is consistent with the range of the defect-related green emission of ZnO NRs. Therefore, the green emission can excite the localized SPs in Au NPs. To further explain the previous experimental results, the FDTD simulations are performed to calculated electric distribution. The simulation is simplified by several Au NPs with a diameter of 10 nm attached to the surface of ZnO NRs according to the above SEM results. The color index represents the magnitude of the electric field intensity. The near field distribution was plotted in Fig. 5(b) showing that whether on the top or on the side of the ZnO NRs, the near field intensity (|E| ∧2 ) around the Au NPs were enhanced by approximately several times than that of pristine ZnO NRs under 530 nm illumination. This significant enhancement of the near field intensity is due to LSPR of the Au NPs. According to previous studies, the Schottky barrier height (SBH) at the interface between Au NPs and ZnO NRs is about 0.6 -0.8 eV [21] , [37] . The resonance energy range of Au NPs is between 1.9 −2.6 eV (corresponding to the 480∼650 nm wavelengths) which is much higher than the SBH of 0.6 -0.8 eV between the Au NPs/ZnO NRs interface. The near field intensity was so high that it can easily pump the electrons into the conduction band of ZnO, thereby contributing to the enhancement of the photoresponse at 365 nm wavelength.
IV. CONCLUSION
In summary, Au NPs-decorated, highly oriented ZnO NRs were successfully fabricated on flexible transparent mica substrate using a simple and low-cost hydrothermal method. The introduction of Au NPs modification enhances the UV emission while suppressing of defect-related emission compared with that of pristine ZnO NRs. Due the implementation of Au NPs, the UV responsivity and specific detectivity of the 
